This paper describes the fabrication procedure for a hybrid elastomer-Si structure. The procedure comprises embossing and curing a thin film in poly(dimethylsiloxane) (PDMS) with vias in the 30-micrometer regime, followed by a double transfer, first to an intermediate substrate and then, with registration, to the micromachined Si structure. A welldefined adhesion between the PDMS film, the mold, the transfer substrate and the target wafer is key to each successhl transfer, and plays a crucial role in the efficient removal of nanometer-thick residual membranes that systematically obstruct vias formed by embossing. Inhibition of the cross-linking of the PDMS pre-polymer in the presence of SU-8 photoresist was observed, and overcome for our case. We fabricated hybrid PDMS-Si microfluidic systems that can he sealed reversibly on any smooth and flat substrate, and filled with different solutions.
INTRODUCTION
For widespread use of microfluidic systems in every day tasks in the biological and chemical communities, simple devices that can easily be integrated and interfaced with existing equipment and work flows are necessary. Microfluidic capillary systems that autonomously flush sequences of nanoliter aliquots through a reaction chamber fulfill the ease-of-usage requirements 111. However, because so far these devices were made out of Si, they could not be sealed on glass slides, but only onto elastomeric substrates that provide the conformal, sealing contact.
Hence the idea of fabricating a hybrid microfluidic system with a rigid Si structure and a soft bottom layer that can he reversibly placed and sealed on any smooth surface, Fig 1, A priori, there are two routes to pattern a thin elastomer supported on a rigid substrate: (i) photolithography and (ii) embossing, but each technique faces major obstacles.
(i) The photolithographic approach to pattern an elastomeric resist directly is appealing by its analogy to classical photolithography. There, a " h a r d resist is selectively exposed to light passing through a mask. The resist is subsequently developed in a bath with gentle agitation, and depending on whether it is a positive or a negative resist, the exposed or the unexposed area, respectively, is dissolved with high contrast. The appeal of this technology in part lies in the efficacy of the development step. However, precursors of photocurable elastomers are generally viscous solutions because they are composed of chains with high molecular weight. Indeed, the elastomeric properly derives from long, weakly cross-linked polymer chains that are partially free to reorganize under an applied force. This has profound implications on the solubility contrast that can be achieved between the unexposed and the exposed or, in other words, between the non-crosslinked and the crosslinked zones. Because of the initial high viscosity, the non-crosslinked polymer chains are not easily dissolved, whereas the crosslinked polymer because of the weak cross-linking can still be swollen easily, which can cause mechanical failure. It is therefore necessary to use mechanical action to remove the non-crosslinked material either by a solvent jet or by brushing. These methods are readily used in the printing industry to fabricate printing plates from elastomeric materials for flexography, down to the 150-micrometer scale 121. However, such processes combine poorly with structures of higher resolution. These limitations render this approach cumbersome and unpractical.
(ii) Elastomers lend themselves well to replication processes, such as embossing, in which a liquid prepolymer is cast over a master mold, cured, and detached from the mold 131. This straightforward method can reproduce nanometer-sized features on several depth levels. Some structures are more challenging to produce. Vias, for example, are difficult to create by molding. Eq. (1) shows that the approach time scales with the square of the residual thickness, and to the third power of the width. Therefore it is virtually impossible to displace a viscous liquid entirely simply by pressurizing a mold against a substrate; a nanometer-thick residual membrane will persist systematically between the protrusions and the substrate, Fig.   1 2b [5, 6] . The most effective strategy to reduce the residual ' thickness h2 is to design drainage structures that diminish r ' and hence reduce the time by the fourth power of r. This is , akin to the profile of a car tire that can quickly drain the , water between the gum and the road.
I
Large membranes can easily be ruptured using a pressurized stream of air or by agitation in liquid while dissolving ' (scarifying) the master mold in solvents [ 7 ] . However, ' thinner PDMS films cannot withstand the harsh treatments ' that are required to rupture membranes with increasingly ' small surfaces. One reason is for example that turbulences, whose inertia might rupture a membrane, are difficult to generate at the micrometer scale where laminar flow predominates. Furthermore, these approaches are not well controlled, and a tom membrane often remains attached to at least one edge, where it is free to fold, to stick on top of the patterned structures, or to be detached later by a flow in the channel and to clog a narrow section. Hence, means of reliably detaching the residual membrane are required.
Here, we present a new fabrication method for making 3D, hybrid Si-PDMS structures with many openings at high resolution. Such structures can, for instance, form a microfluidic system that reversibly seals any flat and smooth substrate, Fig. 1 , such as the glass slides typically used in biology. Our fabrication process consists of embossing of a thin PDMS film to create high-resolution vias, followed by two transfer steps and bonding of the PDMS to a micromachined Si chip. Three parameters are crucial for the success of our method (i) The registration of the thin elastomeric film, which is ensured by always having the film supported on a rigid substrate to provide mechanical stabikity;
(ii) the adhesion energies of the various surfaces involved in the fabrication process are tuned [8] to allow two successive transfers of the structured PDMS film to a surface, with increasing free energy, i.e., from the mold to the intennediate substrate and then to the Si chip; (iii) the mechanical stability of the residual membrane adjusted with respect to the adhesive energy of the intermediate substrate in order to rupture this membrane when the structured PDMS film is detached from this substrate (the residual membrane remains adhered to the intermediate substrate) [9] . 
EMBOSSING AND TRANSFER OF PDMS
In the simplest case, the mold is made of a wafer substrate and a photopattemed SU-8 resist, Fig. 2a , both of which are coated with a thin, fluorinated anti-adhesion layer. Next, the PDMS (Sylgard 184) is poured on the mold and spin-coated for 30s along a ramp going up to 3000 'pm, creating an overlayer that is less than 100 pm thick. The PDMS is then encapsulated with a glass cover slip (170 pm thick) and placed in a vacuum of 100 mbar for 20 min to evacuate any entrapped air. Next, this sandwich is placed between two thick steel blocks (40 x 50 nun2 area) covered with a l-mmthick Teflon film that ensures a compliant contact area. This double sandwich is in turn placed in a mechanical press (Berg & Schmid GmbH, Germany) and loaded with a force of up to 500 ICN. The PDMS prepolymer is squeezed between the mold and the substrate, and transported to the edges of the structure according to Eq. ( 1 ) . While maintaining the pressure, the entire setup is placed on a hot plate and heated to a temperature of -70 "C, Fig. 2b . The heat initially reduces the viscosity of the prepolymer, which facilitates its drainage and helps thinning the residual membrane. The curing eventually thickens the polymer solution and finally transforms the liquid into an elastomer.
Inhibition of PDMS Cross-Linking by SU-8
Surprisingly, we were initially not able to cross-link the PDMS on the SU-8 mold; the polymerization was inhibited. Although molding and curing millimeter-thick PDMS layers on SU-8 molds is done easily, PDMS films just a few micrometers in thickness systematically did not cure. We interpret this as a poisoning of the Pt-catalyst by the sulfurcontaining photoinitiator of the SU-8, or by one of its reaction products. This photoinitiator, a trialryl sulfonium salt, is present at concentrations of up to 10% [IO] . Thus, a significant amount of it can be expected at the surface of the SU-8 mold. and can locally inhibit the cross-linking. Because we wanted to make a thin PDMS film, it completely inhibited the cross-linking of all the PDMS: the PDMS still was a viscous liquid after curing. Neither post-baking of the SU-8 mold overnight at 2OO0C, nor an extensive cleaning of the SU-8 with NMP, nor the evaporation of a 10-nm TiOr 50-nm Au layer on top of the SU-8 could suppress this inhibition. We eventually resolved the problem and were able to cure thin films of Sylgard 184 on SU-8 molds by adding 70 ppm of Pt catalyst (SIP 6831.1, ABCR) to the mixture, This amount proved to he sufficient to overcome the inhibition, while not excessively accelerating the crosslinking reaction; very fast cross-linking can generate large amounts of hydrogen, leading to bubble formation and foaming, Another important parameter affected by the addition of the catalyst is the pot life of the mixed prepolymer, which was reduced from 2 h to 30 min. These 30 min were just enough to permit casting the PDMS on the mold, degassing it, and assembling the embossing setup, before the advancement of cross-linking prevented any redistribution of material.
Structured Glass Molds
We also tested glass molds. First, patterns were photolithographically defined in a resist, then vertically transferred into the glass by reactive ion etching. Subsequently the entire structure was coated with a thin fluorinated anti-adhesion layer by plasma deposition. The main differences to the SU-8 structures are a higher production cost and rougher sidewalls that may hinder the release of the molded PDMS, but the advantages are a transparent master and no inhibition of PDMS curing, of course.
Transfer and Rupture of the Residual Membrane
At this point the structured PDMS film is still sandwiched between the mold and the intermediate substrate. The adhesion of this substrate to the PDMS is critical. In the first transfer, the adhesion needs to be strong enough for the PDMS to stick to the flat substrate and detach from the structured mold, Fig. 2c . Next, the Si microfluidic structure and the molded PDMS are both oxidized in an atmospheric plasma (1 mbar, 100 W, 30 s), thereafter quickly registered under a binocular using a homebuilt mechanical alignment tool, and brought into contact for -30 min, Fig. 2d . The PDMS and the Si bond, and upon separation of the Si and the substrate, Fig. 2e , the structured PDMS film has been transferred again-this time from the substrate to the Siwhereas the rcsidual PDMS membranes stick to the substrate and rupture at the edges 191. We found that strong bonding between the PDMS and the Si is difficult to achieve (compared with bonding between PDMS and glass, for example), and can be incomplete. Sometimes the strength of the bond is too weak for a successful transfer. Thorough cleaning of the Si according to the sequence oxygen plasma, buffered HF (oxide removal), atmospheric plasma produced the best results. The adhesion energy range of the intermediate substrate ensuring two successful transfers is narrow, however, and tight control is crucial to be able to release first the PDMS from the mold, and then from the substrate, while rupturing all of the residual membranes. We found that a fluorinated anti-adhesion layer deposited on clean glass (using a Multiplex AOE System from Surface Technology Systems, Newport, UK), with its thickness varying between 2-10 nm, can regulate the adhesion between PDMS and the glass substrate. The optimum thickness needs to be determined empirically, and also depends on the geometry of the structure.
In Fig. 3 the accuracy of the entire process can be evaluated by comparing the SU-8 master mold and the ruptured embossed PDMS structures before and after transfer. The edges of the residual membrane are shown in Fig. 3d .
The PDMS with vias transferred to the Si completes the microfluidic systems that can now be sealed to a substrate, Fig. 4 . The channels can be flushed with different.solutions containing, for example, a fluorescent dye, biological molecules, or an etchant. We also explored the possibility of using a doctor blade to scrape the excess PDMS away [7] , as is commonly done in screen printing. Although in some cases we were able to control the residual membrane to a thickness of some tens of nanometers, we found this process to be highly dependent on the orientation and the general topography of our mold.
Success would depend on the control of the process within a larger parameter space, which we have not been able to understand satisfactorily, and which further comprises PDMS viscosity, substrate elasticity and surface energy, doctor-blade hardness, shape and surface chemistry as well as the dynamic parameters, namely, the applied force, blade angle and velocity. Yet this process remains appealing, because it is already industrially established and, if it can be controlled, it could readily be used on large areas.
DISCUSSION
So far, we have embossed up to four fluidic stluctures at once, thus covering an area of 20 x 30 mm2, while achieving residual membrane thicknesses of approximately 100 nm. This is quite remarkable, considering the long distance the polymer has to be squeezed out. Unfortunately the profile in the form of support posts is not interconnected and therefore unsuited to transport the material to the outside. A design with an optimized "draining" profile and possibly with vias , ' drilled at regular spaces into the master mold should dramatically facilitate and accelerate the drainage of the excess prepolymer, and open the possibility to process very large areas at once. During the development of our fabrication process, we also transferred test stmctures that were 10 l m wide, and were able to rupture the residual membranes.
CONCLUSION
We described a "patterning and transfer" method that allows the separate fabrication of a hard microstructure and a compliant elastomeric film, and their subsequent assembly, with minimal mutual cross-contamination [I I]. The main current limitations of this process have been identified, and their elimination may open the door to reliable large-area patterning. A device fabricated with this method can have a self-adhering, self-sealing property allowing it to be placed reversibly on smooth, flat substrates. Here, we illustrate this feature by a hybrid Si-PDMS microfluidic system that can guide liquids in microchannels along the surface. Exciting applications, such as the creation of arrays of proteins on preactivated glass slides, or the incubation of cells immobilized within the channels with distinct series of solutions, now appear within reach.
